In this study, we have investigated how clathrin-dependent endocytosis is affected by exogenously added lysophospholipids (LPLs). Addition of LPLs with large head groups strongly inhibits transferrin (Tf ) endocytosis in various cell lines, while LPLs with small head groups do not.
Membrane fluidity and the ability to form invaginations are influenced by the lipid composition. For instance, cholesterol depletion leads not only to loss of caveolae but also to lack of uptake from CCPs which become flat and non-functional. 11 Under such conditions, tubules coated with endophilin and sphingosine kinase may form, 12 and it has been suggested that the balance between cholesterol and sphingolipids is important for endocytic activity and also that treatment of cells with sphingomyelinase can induce similar tubules as extraction of cholesterol. It has also been reported that removal of the head group of sphingomyelin with external sphingomyelinase gives rise to an ATP-independent invagination of the plasma membrane, a process probably facilitated by formation of a negative curvature of the membrane. 13 LPLs are structural lipids naturally found in cell membranes, but they can also function as signaling molecules circulating in body fluids. 14, 15 In our study, we have investigated the effect of exogenously added LPLs on endocytosis. Such LPLs have been shown to become rapidly inserted into membranes when added to cells, 16, 17 synthetic lipid bilayers 18 and lipid monolayers 19 and they can alter the physicochemical properties of the membrane. [20] [21] [22] [23] [24] We have investigated how LPLs with different shapes affect endocytosis, and found that insertion of LPLs with large head groups, expected to induce a positive membrane curvature, can strongly inhibit clathrin-dependent uptake of Tf. Electron microscope (EM) and TIRF studies reveal that LPLs inhibit invagination of CCPs and increase the lifetime of clathrin-coated areas. Also actin becomes important for the pinching off of vesicles under these conditions.
Moreover, the number of caveolae is decreased, in agreement with the idea that insertion of LPLs in the outer leaflet will bend the membrane outwards and counteract formation of invaginations. Furthermore, by using optical tweezers, we show that a lower force is required for pulling the membrane outwards. Such a modification of the plasma membrane by insertion of LPLs provides us with an additional tool to study endocytic mechanisms and their importance in different cells.
| RESULTS

| LPLs with large polar head groups inhibit Tf endocytosis
Clathrin-mediated endocytosis (CME) is one of the major mechanisms for cellular uptake, and Tf is a classical ligand used to study the mechanistics of CME. In this study, we investigated how addition of different LPLs with different shapes would affect endocytosis of Tf. All LPLs and similar substances used in this study are summarized in Table 1 . An overview of the main LPL classes and the molecular structure of their head group substituents are presented in Table 2 .
HEp-2 cells were treated with different LPLs and the endocytosis of radioactively labeled Tf was measured. Figure 1A shows that addition of LPLs with large head groups and saturated long acyl chains (LPI, LPS and LPC) had an inhibitory effect on Tf endocytosis, while
LPLs with small head groups (LPE, LPA) did not, correlating with the size of the head group.
We also compared the effect of different LPCs ( Tf endocytosis increased by about 25% after 2 hour incubation. 1 Plasmalogen, predominant for C18:1 (see Figure 1 for schematic structure).
LPLs are known to exert lytic effect on cells when added at high concentrations, 25 and a cytotoxicity test was performed to assess the integrity of the plasma membrane of cells upon LPL treatment. A lactate dehydrogenase (LDH) cytotoxicity assay was applied to quantify LDH released into media from damaged or lysed cells. The LDH assay revealed that there was no toxic effect of LPL treatment on cells after 30 minutes or 4 hour treatments ( Figure S2A,B) . Thus, integrity of the plasma membrane was intact upon LPL treatment. Time-lapse images obtained using live cell microscopy revealed that 10 μM LPI treatment slightly altered cell morphology ( Figure 3F and Movies S1C,D).
The results in Figure 1A indicated that the inhibition of endocytosis by LPLs might depend on the shape of the lipid molecules (the size of the head group and the length of the fatty acyl chain) and the concentration of lipids added. Most of the LPLs tested in Figure 1A come from natural sources and are a mixture of different species. To get a clearer picture of the importance of the fatty acyl chain length for Tf endocytosis, the effect of LPI from liver was compared with the effect of synthetic pure LPI 16:0 or 18:0. Data presented in Figure 1B ,C show that LPI inhibits the endocytosis of Tf in a dose-dependent manner with LPI from liver (mostly C18:0) and synthetic LPI 18:0 being more efficient than LPI 16:0.
To test the importance of the saturation level of the fatty acyl chain, we treated cells either with LPC 18:0, which has a saturated acyl chain, or with LPC 18:1, which has a double bond that creates a kink in the carbon tail and thus affects the packing abilities of the lipid. Figure 1D shows that LPC with the saturated fatty acyl chain gave a stronger inhibition of Tf endocytosis than LPC with the unsaturated fatty acyl chain.
To test whether the LPI-mediated effect on Tf endocytosis is lim- Figure 3B show that addition of 10 μM LPI decreased the amount of internalized Tf to about 50%.
Correspondingly, more Tf remained surface-bound in the presence of 10 μM LPI, while there was no effect on the amount of total cellassociated Tf.
To investigate the effect of LPI treatment on Tf recycling, cells were loaded with Tf for 20 minutes at 37 C, then acid-washed to remove surface-bound Tf. The amount of Tf recycled back to the membrane and released into medium was measured at different time points in the presence or absence of LPI. Figure 3C shows that the recycling of Tf is only slightly increased (~10%) in cells treated with LPI.
Data obtained by biochemical assays in Figure 3A -C were confirmed using immunofluorescence confocal microscopy of fixed cells,
showing strong LPI-induced accumulation of TfRs on the cell surface ( Figure 3D ). Time-lapse images from live cell microscopy also showed accumulation of Tf at the plasma membrane after addition of LPI ( Figure 3E and Movies S1A,B). 
| LPI treatment affects
| LPI treatment alters the dynamics of CME
AP2 has a crucial role as an adaptor in CME and is often used as a proxy for clathrin during CME imaging studies because, in contrast to clathrin, AP2 is almost exclusively involved in CME. 31, 32 In order to investigate the dynamics of CCPs in live cells, we treated SUM-159 breast carcinoma cells gene-edited to express eGFP coupled to the σ-subunit of AP2 with 0.02% ethanol (EtOH), 10 μM LPI or 10 μM LPE. We then captured 5 minute movies with 2 second frame-rates of live cells using TIRF. The movies were then analyzed with an algorithm based on statistical modeling for unbiased object detection and trajectory tracking to select fluorescent objects with the basic properties of CCPs as previously published. 33 These objects were subsequently filtered according to whether their AP2-eGFP intensity profiles assumed a shape corresponding to CCP initiation, growth, invagination and scission as described by Kvalvaag, 34 and the filtered objects were accepted as bona fide CCPs. Figure 5A shows representative frames and traces of accepted CCPs from control cells and cells treated with LPE or LPI. In Figure 5B , we show that the number of short-lived pits (20-58 seconds) per area was reduced by 40%-80%
while the number of long-lived pits (80-120 seconds) per area increased by 50%-100% after LPI treatment. We also show that the total number of CCPs per area decreased by~60% in LPI treated cells, while the number of persistent AP2-coated structures with lifetimes >120 seconds increased by 50% (data not shown). LPE 
| Actin recruitment to CCPs increases upon LPI treatment
The CME dependence on actin has been reported to vary with cell type, growth conditions and membrane tension. [35] [36] [37] Since insertion of LPI into the plasma membrane inhibits invagination of the membrane, we decided to investigate the possible involvement of actin in CME upon treatment with LPI. We measured Tf endocytosis after To study the dynamics of actin recruitment during CCP formation, SUM-159 cells were transiently transfected with a plasmid encoding mRuby-tagged LifeAct, a 17 amino-acid peptide commonly used to study actin dynamics in live cells. 38, 39 This allowed us to simultaneously image actin and AP2 by 2-channel TIRF microscopy.
We subsequently analyzed the AP2 intensity traces as before, but now we could also correlate the LifeAct signal intensity to the AP2 intensity in areas where the 2 fusion proteins overlapped. We then CCPs at the ventral cell surface. However, by removing the intensity profile filter, the traces of a few AP2-positive structures could be analyzed (data not shown). By inspecting frame-by-frame images of these traces, they appear to represent dim, non-internalizing objects. The corresponding LifeAct traces are bright, but seem to be non-dynamic. By acquiring z-stacks covering the entire cellular volume, we could observe actin accumulating in membrane patches spread across the cell surface (data not shown).
As we observed that there was some overlap between the fluorescent signal from AP2 and LifeAct in the major fraction of
CCPs in all conditions, we designed an analysis tool aiming to quantify the extent of actin recruitment to CCPs. In cells treated Figure 7E ). Figure 7F shows that while LPI treatment most strongly reduces the number of short-lived CCPs and leads to an increase in the number of persistent pits compared with control, the opposite is true for LatB treatment. However, both treatments cause a strong decrease in the total number of bona fide CCPs per area.
Taken together, these data indicate that there is an increased requirement for actin during CCP maturation and/or internalization upon LPI treatment of SUM-159 cells.
| LPI treatment reduces the force required to pull plasma membrane tubules outwards
Insertion of LPLs with large head groups in the outer leaflet apparently has a negative effect on inward membrane bending. We decided to study the effect of such treatment on events that require membrane bending toward the cell exterior. Membrane tubules are highly curved membrane protrusions that can be formed by imposing an external force on membranes. 43 Thin membrane tubules were pulled with optical tweezers ( Figure 8A , Figure S3 and Movie S2).
The force applied to deform the membrane and pull membrane tubules from cells is determined by several parameters, such as membrane tension, bending rigidity, spontaneous curvature 44 and membrane interaction with actin cortex. 45, 46 Figure 8B shows that approximately 50% lower force was sufficient to pull a membrane tubule from cells treated with 10 μM LPI.
Force measurements during the control treatment with 0.02% EtOH or with 10 μM LPE, which has a small head group, gave similar results as for non-treated cells. Treatment of cells with 10 μM unsaturated LPC . One-sample t-test was used to determine the mean difference between the treated sample and the normalized control. C, Quantification of the CCP lifetime distribution plotted as the number of CCPs per lifetime cohort relative to the total number of CCPs for each treatment, shown as mean values AE SEM (n = 3). Two-sample equal variance t-test was applied to determine statistical differences between 2 different treatments.
18:1 did not perturb Tf endocytosis ( Figure 1A ), but it gave a reduction in tubule pulling force by 30% ( Figure 8C ). LatB treatment reduced tubule pulling force by~50% ( Figure 8D ), and also induced significant cell blebbing. Both effects can be explained by a loss of adhesion energy between membrane and cytoskeleton upon LatB treatment. 47 We also attempted to pull membrane tubules upon combined treatment with LPI and LatB, but alterations in cell morphology (blebbing and cell shape changes) made these experiments challenging and results difficult to interpret, and the data are therefore not included.
| Endocytosis of ricin is only slightly affected by LPI treatment
The plant toxin ricin binds to both glycoproteins and glycolipids with terminal galactose and is endocytosed by both clathrin-dependent and -independent pathways. 48 To check if all forms of endocytosis are inhibited by LPI, we decided to measure the endocytosis of ricin.
As shown in Figure 8 , there was only a small effect on ricin endocytosis, indicating that clathrin-independent endocytosis is less sensitive to LPI-treatment than CME. The small decrease observed could represent the fraction of ricin taken up by CME.
| DISCUSSION
In this study, we show that treatment with LPLs with large head groups and saturated acyl chains (LPI, LPC and LPS) inhibits the cellular uptake of Tf, while LPLs with small head groups (LPE and LPA) do not. Importantly, there seems to be a correlation between the head group size and the ability to affect endocytosis, suggesting that the effect is due to insertion of these lipids into the plasma membrane and their ability to induce a positive curvature. Also, the finding that LPC 18:0 has a stronger inhibitory effect on Tf uptake than LPC 18:1 suggests that conicity of the inserted lipid (the ratio between the cross-sectional area between the head group and the fatty acyl chain)
is important for the membrane changes affecting endocytosis.
It has been published that addition of various lipids to erythroleukemia cells, including phosphatidylserine (PS), phosphatidylethanolamine (PE) and single chain LPS can stimulate or inhibit endocytosis. 49, 50 However, the lipids used either contained nonphysiologically short fatty acids or had unknown composition, thus making it difficult to compare the results with the data shown here.
Our data show that it is only conical LPLs with large head groups that have an effect on endocytosis in a head group size-dependent manner (LPI > LPC > LPS), while LPLs with small head groups (LPE and LPA) or unsaturated lipids (LPC 18:1) have no or very small effect.
The most likely explanation is that LPLs with small head groups or unsaturated chains induce less packing stress in the outer leaflet, having less impact on curvature alterations. Alternatively, LPLs with small head groups might be translocated across the bilayer faster and obtain a more even distribution than LPLs with large head groups.
It has previously been shown that exogenous addition of LPLs with large head groups leads to their insertion into the outer leaflet of the plasma membrane of cells 16, 17 where they remain for hours, due to slow translocation to the inner leaflet (T 1/2 > 10 hours), as reviewed by Sprong et al. 51 We have previously reported that treatment with LPI and LPC, but not LPE, changes the lipid packing in the shown to be the most potent regulators of the membrane channel activity while LPLs with smaller head groups and short acyl chains gave weak or no responses. [57] [58] [59] [60] [61] Our results indicate that insertion of conical LPLs with large head groups in the plasma membrane alters cellular processes that involve membrane bending. We suggest that this might be due to the induction of positive membrane curvature.
In CME, membrane invagination and formation of a CCP is regulated by a complex endocytic machinery consisting of lipids and proteins. 2, 62 Actin polymerization has been shown to be required for maturation of CCPs in mammalian cells under conditions with high membrane tension at the apical side of polarized MDCK cells and in cells grown in hypotonic media. 35 It has previously been reported that actin plays a variable role for CME in mammalian cells, but whether this is always related to membrane tension is not clear. In some cell types, but not all, the actin dependency seems to differ between cells in suspension and adherent cells. 37 Here, we show that in HEp-2 and SUM-159 cells, actin dependence can be demonstrated only after treatment with LPI, which fits with the idea that actin is needed due to the positive curvature induced under these conditions.
When it becomes more difficult to bend the membrane inwards, actin is required. An actin polymerization-generated force might be applied to a newly forming CCP to sustain endocytic uptake under conditions when other forces (such as an increase in membrane tension or induction of membrane curvature in the direction opposite to pit formation) are counteracting it. The finding that also caveolae disappear after treatment with LPI is in agreement with the idea that invaginations are more difficult to form.
To investigate how LPI treatment affects the physical properties of the plasma membrane, membrane tubule pulling experiments with optical tweezers were performed and force measurements were recorded. The force that is required to deform a lipid membrane and pull a lipid tubule is to a major degree determined by membrane tension, bending rigidity and spontaneous curvature. 43, 44, 63 Our data
show that the tubule pulling force is reduced by~50% upon cellular treatment with LPI, but not with LPE. Insertion of LPI with its large FIGURE 8 Lysophosphatidylinositol (LPI) treatment reduces the force required to pull membrane tubules with optical tweezers from the plasma membrane. A, Brightfield images show 6 steps of the membrane tubule pulling experiment from a live HEp-2 cell: A trapped bead was located 10 μm away from the cell (frame 1), the cell was moved toward the bead at 1 μm/s (frame 2), interaction between the bead and the cell was maintained for 1 second (frame 3) and a membrane tubule was pulled from the cell (frame 4) and pulling was stopped at 10 μm (frame 5). Because the tubules were not visible using the brightfield imaging, successful tubule pulling was recognized by an increase in the force measurement as described in Figure S3 , see also Koster et al. 72 In addition, the bead was released from the trap resulting in retraction toward the cell (frame 6), confirming that a membrane tubule between the bead and the cell has been formed. The black arrow points at the bead, nuc = nucleus and cyt = cytoplasm. head group in the outer leaflet might induce positive curvature toward the cell exterior that would increase the force required to bend the membrane inwards, resulting in fewer pits. This should then also lower the force to bend the membrane outwards. Theoretical estimations suggest that it would require a 7% LPI coverage in the tubule in order to achieve the experimentally measured force reduction ( Figure S4 ) if other parameters, such as membrane tension and rigidity, are not changed. However, based on current data we cannot exclude the possibility that plasma membrane rigidity and/or tension are affected upon addition of LPLs, and thus the observed effects on the Tf endocytosis and tubule pulling force may not be solely modulated by induction of spontaneous curvature.
One could argue that a reduction in tubule pulling force upon LPL treatment could be caused by an effectively reduced bending rigidity, but this would likely require a much larger coverage of LPI than 7%. A force reduction of 50% would require a 4-fold reduction in bending rigidity. Such large variations can occur for polyunsaturated lipids, as shown by Pinot et al. 64 In the current study, we observed a reduction in tubule pulling force with LPI while LPE had no effect. This points toward spontaneous curvature as the most important factor in this case, as the only difference between LPI and LPE is in the head group (Table 2) . However, as stated above, a possible change in membrane rigidity and/or tension cannot be endocytosis. 66 The changes in membrane curvature of the inner leaflet might affect the recruitment of coat, accessory and motor proteins and such changes could be involved in the alteration of the clathrin-dependent machinery that we observe. As PIP2 has been
shown to be required in order to bring AP2 to the membrane, altering the distribution of this lipid might explain the reduction in AP2 positive endocytic profiles that we observe after LPI treatment. However, the TIRF and EM experiments show that both AP2 and clathrin can still bind to the membrane after insertion of LPI, while the kinetics of CME is altered. The number of events regarded as endocytic in our system is reduced, while the number of stable, non-endocytic structures is increased.
In summary, we here show how one can modulate clathrindependent endocytosis by inserting conical lipids into the membrane.
This may facilitate studies of the importance and sequence of involvement of the different lipid and protein players in CME. Finally, it may help to differentiate between different uptake mechanisms as our data suggest that clathrin-independent uptake is less sensitive to this type of membrane modification. Information about the fatty acyl composition (X) of LPLs, including the length and the saturation of the fatty acyl group, is indicated in Table 1 .
The net charge at pH 7 is shown below 
Abbreviations: LPL, lysophospholipids; LPI, lysophosphatidylinositol; LPS, Lysophosphatidylserine; LPE, lysophosphatidylethanolamine; LPA, lysophosphatidic acid.
| EXPERIMENTAL PROCEDURES
| Reagents and antibodies
The Iodine-125 radionucleotide (NEZ033A010MC) was from Perkin
Elmer. Iron-saturated Tf (T4132) and ricin holotoxin were from Sigma- 
| Lipids
The following lipids were used: L-α-lysophosphatidylinositol from bovine Table 1 . Lipids were dissolved in 50% EtOH to obtain stock solutions with a concentration of 2.5 mM and stored at −20 C. Lipids were prewarmed to 37 C before use. Molecular structures of LPLs presented in Table 2 were drawn using BioVia Draw (Dassault Systemes).
| Cell lines
HEp 
| Cell viability measurements
The cell viability was determined using the CytoScan-LDH Cytotoxicity Assay (G-Biosciences). HEp-2 cells were seeded in 96-well plates 
The cell viability was then calculated as 100% − % cytotoxicity.
| Endocytosis of Tf and ricin
Tf and ricin were were set at *P ≤ .05, **P ≤ .01, ***P ≤ .005 or n.s. (not significant).
| Recycling of Tf
The measurements were performed essentially as earlier described. 
| Immunofluorescence confocal microscopy
HEp-2 cells were seeded on glass coverslips (0.17 mm) 1 day prior to experiments. Cells were washed with warm (37 C) HEPES-buffered cell growth medium and pretreated with 0.2% EtOH for control or 10 μM LPI for 30 minutes at 37 C. The cells were incubated with TfAlexa Fluor 647 conjugate (6-10 μg/mL) for 5 or 10 minutes at 37 C. Images were then deconvolved and z-projected using the softWoRx software (Applied Precision) and processed using Fiji software.
| Electron microscopy
HEp-2 cells were seeded in 5 cm Nunc dishes (cat. no. 150288, Thermo
Fisher Scientific) at a density of 5. Micrographs were recorded at ×30 k magnification in a systematic random fashion, and flat and invaginated clathrin coats were scored. We counted on roughly 800-1000 μm of plasma membrane in total. For quantification of the number of coated pits we counted samples from 3 independent experiments using established stereological principles and appropriate test lattices. 69 CCPs were defined as flat, deep or flaskshaped based on observations of pit morphology, as described in Section 2. To calculate statistical difference between the mean values of control and treated samples, paired sample t-test (two-tailed) was applied to the mean values from n independent experiments (with n indicated in the figure text) and the levels of significance were set at *P ≤ .05, **P ≤ .01, ***P ≤ .005. The trap-stiffness was determined for each bead before tubules were pulled using the roll-off frequency 71 as measured by the projection of the trapping-laser on quadrant photodiodes after passing the condenser (×60 water dipping, NA = 1, WD 2.5 mm). Laser power was set at 1 W. To determine the force required for pulling a tubule, we used the following protocol: (1) a freely diffusing particle was trapped and moved to a distance of 10 μm from the cell of interest,
(2) the cell was moved toward the particle at 1 μm/s using a piezo stage, (3) contact with the cell was maintained for 1-2 seconds and 4) the cell was moved away at 1 μm/s ( Figure S3 and Movie S2).
The plateau force for membrane pulling was determined for each experiment and the average values were calculated for different treatments. In some cases, the bead would attach to filopodia protruding from the cells. Filopodia could pull the bead toward the cell resulting in a significant force on the bead. Such experiments were excluded from the analysis. Statistical significance was calculated by using 2 sample equal variance t-test on the mean values from control and treated samples and the levels of significance were set at *P ≤ .05, **P ≤ .01, ***P ≤ .005.
ACKNOWLEDGMENTS
We wish to thank Anne-Grethe Myrann for expert technical assistance and Anne Engen and her team for excellent assistance with cell culturing. 
Conflict of interest
The authors declare that they have no conflicts of interest with the contents of this article. 
Author contributions
